The ATM serine-threonine kinase plays a central role in the cellular response to DNA damage. Germ-line mutations in the ATM gene cause ataxia-telangiectasia (A-T), a multisystem disorder associated with predisposition to lymphoma and acute leukemia. Moreover, somatic ATM mutations have been identified in T-cell prolymphocytic leukemia, mantle cell lymphoma, and B-cell chronic lymphocytic leukemia. In this study, the entire ATM coding sequence was examined in genomic DNA from 120 lymphoid neoplasms. Novel mutations and mutations implicated in cancer and/or A-T were found in 9 of 45 diffuse large B-cell lymphomas (DLBCLs), 2 of 24 follicular lymphomas, and 1 of 27 adult acute lymphoblastic leukemias, whereas no such mutations were detected among 24 peripheral T-cell lymphomas. The mutational spectrum consisted of 2 nonsense mutations, 1 mutation affecting RNA splicing, and 10 missense variants. Most of these mutations were associated with loss or mutation of the paired ATM allele, consistent with biallelic inactivation of ATM. Of the 9 DLBCLs with ATM mutations, 7 also carried TP53 mutations and/or deletions of the INK4a/ARF locus (P ‫؍‬ .003). The ATM 735C>T substitution previously considered a rare normal variant was found to be 5.6 times more frequent in individuals with DLBCL than in random individuals (P ‫؍‬ .026), suggesting that it may predispose to B-cell lymphoma. Our data suggest that ATM mutations contribute to the development of DLBCL, and that ATM and the ARFp53 tumor suppressor pathway may cooperate in the pathogenesis of this malignancy.
Introduction
Germ-line mutations in the ATM gene are the cause of ataxiatelangiectasia (A-T; MIM 208900), an autosomal recessive disorder characterized by progressive cerebellar ataxia, oculocutaneous telangiectasias, hypersensitivity to ionizing radiation, immunodeficiency, chromosomal instability, and cancer susceptibility. 1 Malignancies occur in childhood or early adulthood in 30% to 40% of all A-T patients, and approximately 85% of the tumors are of lymphoid origin. 2 Although it is still a matter of controversy, A-T heterozygotes have been suggested to have a reduced life expectancy owing to a higher frequency of ischemic heart disease 3 and an increased risk for cancer, particularly carcinoma of the breast. 4, 5 Several studies have indicated that ATM may also be involved in the development of some subtypes of sporadic lymphoma and leukemia: missense and loss-of-function mutations in the ATM gene have been demonstrated in T-cell prolymphocytic leukemia (T-PLL), [6] [7] [8] [9] mantle cell lymphoma (MCL), 10, 11 and B-cell chronic lymphocytic leukemia (B-CLL). [12] [13] [14] [15] Taken together, these epidemiologic and molecular data strongly implicate ATM as a tumor suppressor involved in the control of lymphoproliferation.
The ATM protein is a pleiotropic molecule whose activities are induced by chromosomal double-strand breaks that arise endogenously or after exposure to DNA-damaging agents, including ionizing radiation and radiomimetic drugs. 16, 17 ATM protects the integrity of the genome at different levels: (1) it mediates arrest of the cell cycle at G 1 /S, S, and G 2 /M to prevent the processing of damaged DNA; (2) it activates DNA-repair pathways; and (3) it induces apoptosis if the DNA damage is so detrimental that normal cell function can no longer be rescued. 17 Many of these effects are mediated via a phosphatidylinositol-3 kinase (PI-3K) domain in the C-terminus of the ATM protein (residues 2656-3056). After radiation-induced DNA damage, the kinase activity of ATM increases severalfold, leading to phosphorylation of downstream effectors involved in the regulation of cell-cycle checkpoints, DNA repair, and apoptosis. Recent work has identified p53, nibrin, CHK2, MDM2, c-Abl, replication protein A, BRCA1, E2F1, and BLM as direct targets of ATM activity. [16] [17] [18] [19] In addition to the PI-3K domain, ATM comprises a number of specific amino-acid motifs, including a p53-binding region (residues 1-246), a ␤-adaptinbinding region (residues 812-948), a leucine zipper (residues 1217-1238), a c-Abl-binding region (residues 1373-1382), and a Rad3-homology region (residues 1443-2428). 16, 17 Several lines of evidence suggest that alterations of ATM in lymphoid neoplasias are not confined to MCL, T-PLL, and CLL but may be involved in a broader range of histologic subtypes. First, several cases of centroblastic B-cell lymphomas have been observed in A-T patients. 2 Second, hemizygous deletions of the ATM locus at 11q23 were identified in 13% to 24% of sporadic diffuse large B-cell lymphomas (DLBCLs), 20, 21 12% of follicular center cell lymphomas (FLs), 20 and 28% of adult acute lymphoblastic leukemias (ALLs). 22 Third, Vorechovsky et al 6 demonstrated missense variants in the ATM gene in 2 of 32 non-Hodgkin lymphomas. Here, we have studied in detail the spectrum of ATM mutations in 120 lymphoid neoplasms of 4 histological subtypes. Because mutation of TP53 is well established as a pathogenic factor in non-Hodgkin lymphoma, 23 and because ATM acts upstream of p53 in the cellular response to ionizing radiation, 24, 25 we specifically focused on the relationship between ATM and TP53 mutations. We also examined the status of the gene encoding ARF, a tumor suppressor that binds to and inactivates MDM2, thereby stabilizing p53. 26 ARF is activated by a variety of stimuli, including DNA damage, 27 and loss of ARF may in some aspects be functionally equivalent to loss of p53.
Materials and methods

Tissue samples
A total of 120 Danish cases of lymphoid malignancy were included in this study. The samples were classified according to the World Health Organization classification 28 and included 45 DLBCLs, 24 FLs, 24 peripheral T-cell lymphomas of the NOS/unspecified category (PTLs), and 27 adult ALLs of the precursor B-cell type. All lymphoma samples were obtained fresh and immediately frozen in either liquid N 2 or a mixture of 2-methyl butane and dry ice. Samples were stored at Ϫ80°C until use. Mononuclear cells from ALL patients were cryopreserved in 10% fetal calf serum and 10% dimethyl sulfoxide (DMSO). In all cases, diagnosis was based on both histology and phenotypic criteria, using immunohistochemistry or flow cytometry. In 5 of the ATM-mutant cases, samples of uninvolved normal tissue were available as paraffin-embedded sections. To determine the frequency of ATM variants in the general population of Denmark, a series of 100 genomic DNA samples were collected from random, anonymous blood donors. Approval of this study was obtained from the local ethical committee.
DNA isolation, mutation analysis, and direct sequencing
Genomic DNA was isolated after proteinase K digestion with the Purescript DNA Isolation Kit (Gentra Systems, Minneapolis, MN). Paraffin-embedded tissue was treated with xylene prior to DNA extraction. Mutations in the TP53 gene (exons 2-11) and deletions of the INK4a/ARF locus (exons 1␤ and 2) had been previously determined in most of the DLBCL and FL cases. 29 The remaining cases were analyzed as described. 29, 30 The entire coding sequence and all splice sites of the ATM gene (exons 4-65) 31 were scanned for mutations using a combination of polymerase chain reaction (PCR) and denaturing gradient gel electrophoresis (DGGE). The melting characteristics of each exonic region were calculated by means of the MELT87 computer algorithm, 32 and appropriate GC-and AT-clamps were included in the PCR primers to modulate the melting properties into a 2-domain profile. 33 The 75 sets of primers for mutation analysis of ATM are listed in Table 1 . PCR was performed in 15-L reactions containing 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 1.5 mM MgCl 2 , 0.5% DMSO, 0.2 mM cresol red, 12% sucrose, 10 pmol of each primer, 100 M each dNTP, 20 ng of genomic DNA, and 0.8 units of AmpliTaq polymerase (Perkin-Elmer Cetus, Emeryville, CA). PCR conditions were 38 cycles at 94°C for 20 seconds, 50°C to 55°C for 20 seconds, and 72°C for 30 seconds. For amplicons 8, 10, 13II, 26, 28I, 31II, and 35, Taq polymerase was added to the reaction in the first cycle at an 80°C step between the denaturation and annealing steps ("hot start"). PCR products were analyzed in a 0% denaturant/6% polyacrylamide-70% denaturant/12% polyacrylamide double-gradient gel. 34 The gels were run at 80 V for 16 hours in 1 ϫ TAE buffer kept at a constant temperature of 54°C, then stained with ethidium bromide and photographed under ultraviolet (UV) transillumination.
Direct sequence analysis of aberrant DGGE bands was performed with a nonclamped, 32 P-end-labeled primer, using the ThermoPrime Cycle Sequencing Kit (Amersham Life Science, Cleveland, OH) according to the manufacturer's instructions.
Detection of allelic loss of ATM
To detect allelic loss of ATM, we designed primers to amplify regions encompassing the biallelic polymorphisms in introns 4 (72ϩ36insAA), 35 7 (496ϩ221T/C), 35 17 (2377Ϫ56G/A), 35 22 (3078Ϫ77T/C), 35 48 (6807ϩ239 C/G), 36 62 (8787Ϫ56T/C), 35 and 63 (8850ϩ60G/A) 35 (Table 1) . Primers for detection of biallelic polymorphisms in exons 32 (4578C/T) 37 and 39 (5557G/A) 35 were the same as used for mutation analysis. The individual alleles of the 9 polymorphisms were resolved by DGGE as described above, except that analysis of 6807 ϩ 239C/G was performed in a 15% denaturant/6% polyacrylamide-55% denaturant/9% polyacrylamide gel at 52°C. A tagged image file format (TIFF) image of the gel was generated after ethidium bromide staining and UV transillumination, and the intensities of the 2 homoduplex bands in informative cases were determined with 1D Gel Analysis Phoretix Software (Phoretix, Newcastle, United Kingdom). A case was also considered to harbor an ATM deletion if the aberrant band at the mutational site was more intense than the wild-type band.
Detection of ATM promoter hypermethylation
The methylation status of the ATM promoter CpG island was examined by methylation-specific PCR. 38 This method is based on initial treatment of genomic DNA with sodium bisulfite to convert unmethylated cytosine to uracil. The bisulfite reaction was performed essentially as described. 39 In summary, approximately 1 g of genomic DNA was denatured in 0.3 M NaOH, followed by the addition of sodium bisulfite (Sigma Chemical, St Louis, MO) to a final concentration of 3.1 M and hydroquinone (Sigma Chemical) to a final concentration of 2.5 mM. After incubation at 55°C for 16 hours, the DNA was recovered with the GeneClean II Kit (Bio 101, Vista, CA), desulfonated in 0.3 M NaOH, and ethanol-precipitated. DNA treated in vitro with Sss I methyltransferase (New England Biolabs, Beverly, MA) was used as a positive control for methylated ATM alleles. Primers were 5Ј-GGTATGTTTATGCGTATTTAGTATTACGC-3Ј (sense) and 5Ј-AACGCTAAATCGCTAACCATTAATAA-3Ј (antisense) for methylated ATM alleles (GenBank accession no. D83244; positions 607-728), and 5Ј-TGGTATGTTTATGTGTATTTAGTATTATGT-3Ј (sense) and 5Ј-AAACACTAAATCACTAACCATTAATAAA-3Ј (antisense) for unmethylated ATM alleles (GenBank accession no. D83244, positions 606-729). PCR was performed in 25-L volumes containing 1 ϫ buffer and 1 unit of Taq polymerase (HotStarTaq Kit; Qiagen, Hilden, Germany), 0.2 mM cresol red, 12% sucrose, 10 pmol of each primer, 100 M each dNTP, and 1 L of bisulfite-treated DNA. Reactions were started by initial denaturation at 95°C for 15 minutes, followed by 40 cycles at 95°C for 30 seconds, 56°C (for unmethylated ATM) or 60°C (for methylated ATM) for 30 seconds, and 72°C for 30 seconds. The amplification products were resolved in a 2% agarose gel.
Reverse transcriptase polymerase chain reaction (RT-PCR) analysis
RNA was extracted using the Purescript Isolation Kit (Gentra Systems, Minneapolis, MN). cDNA synthesis was carried out using M-MLV SuperScript II reverse transcriptase (Gibco-BRL, Life Technologies, Gaithersburg, MD) in a total volume of 20 L of 1 ϫ buffer (Gibco-BRL, Life Technologies) containing 10 mM dithiothreitol (DTT). Incubations were performed at 42°C for 50 minutes, followed by 72°C for 5 minutes. Skipping of exon 9 of the ATM gene was detected using primers 5Ј-GAATAATTCATGCTGTTACCA-3Ј (exon 8) and 5Ј-GAATACTTTC-CTCTACTTCCTATAT-3Ј (exon 10), and skipping of exon 46 was detected using primers 5Ј-GAATACTTTCCTCTACTTCCTATAT-3Ј (exon 45) and 5Ј-GATAGAGCGAATACACAGACTC-3Ј (exon 47). Amplifications were carried out in a total volume of 15 L containing 1 ϫ buffer and 1 unit of Taq polymerase (HotStarTaq Kit; Qiagen), 0.2 mM cresol red, 12% sucrose, 10 pmol of each primer, 100 M each dNTP, and 0.5 L of cDNA. Reactions were started by initial denaturation at 95°C for 15 minutes, followed by 35 cycles at 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 40 seconds. Products were analyzed in a 2% agarose gel. 
Results
Mutation analysis of the ATM gene in lymphoid neoplasms
Detection of ATM mutations is complicated by the large size of the gene (Ͼ 150 kilobases (kb), 62 coding exons), and by the fact that disease-related mutations are spread throughout the coding sequence. To enable the study of a large series of lymphoid neoplasms from which only crude DNA was available, we adopted a mutation-scanning strategy based on PCR in combination with DGGE. This method provides an effective means of detecting low-abundant mutant alleles in samples where mutant DNA from tumor cells is contaminated with wild-type DNA from noncancerous cells, and of enriching mutant DNA for sequence analysis. 33 DGGE analysis of 75 PCR-amplified segments covering all coding exons (4-65) and corresponding splice sites of the ATM gene revealed sequence variants in 18 (40%) of 45 DLBCLs, 9 (38%) of 24 FLs, 4 (15%) of 27 ALLs, and 4 (17%) of 24 PTLs ( Figure 1A shows examples). Sequence analysis of DNA recovered from aberrant heteroduplex or homoduplex bands led to the identification of 20 different ATM sequence variants, including 16 missense variants, 2 mutations affecting normal splicing, and 2 mutations introducing premature termination signals ( Figure 1B ; Table 2 ). The N1853D and P1526P variants, both of which have been established as genuine polymorphisms, were found in all 4 tumor types at frequencies not different from those found in samples from random individuals ( Table 2 ). In addition, 3 DLBCLs each carried one of 3 novel variants, S1987S, R2461R, and V3005V. Examination of mRNA by RT-PCR analysis revealed no aberrant RNA splicing associated with any of these variants (data not shown), suggesting that they represent rare silent variants.
Considering that at least some missense variants in the ATM gene have been suggested to represent rare normal variants with no phenotypic implications, we divided the lymphoma-related ATM sequence variants into 2 classes. Sequence variants were assigned 
ATM MUTATIONS IN DIFFUSE LARGE B-CELL LYMPHOMA 1433
BLOOD, 15 AUGUST 2002 ⅐ VOLUME 100, NUMBER 4 only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From to class I if they were first identified in this study or had previously been demonstrated only in cancer and/or A-T, and if they were not identified among 100 random individuals from the same population (Table 2) . Sequence variants were assigned to class II if they have been identified in tissue from apparently healthy individuals and thus may represent normal variants.
ATM class I variants
A total of 13 ATM class I variants were identified in 12 tumors, including 9 DLBCLs (20%), 2 FLs (8%), and 1 ALL (4%) ( Table  3) . No class I variants were found in the series of PTLs. The spectrum of class I variants consisted of 10 missense variants, 2 nonsense mutations, and 1 mutation affecting RNA splicing. The 6450AϾG variant is predicted to affect a residue within the Rad3-homology region (R2151G); however, this transition alters the penultimate nucleotide of exon 46, suggesting that it may also be involved in aberrant RNA splicing. Indeed, RT-PCR analysis of a region encompassing exons 45 through 47 revealed a shorter band from this tumor (data not shown). Direct sequence analysis of this band showed a sequence lacking the 105 bases corresponding to exon 46, resulting in an in-frame deletion of 35 amino acids (codons 2117-2151).
Among the 9 DLBCLs with class I variants, one carried an additional class I variant and one carried a class II variant, but the allelic distribution of these sequence alterations could not be established. Five of the remaining DLBCLs were informative at the mutational site or at one or more polymorphic sites, and all of these showed evidence of loss of the paired ATM allele ( Figure 1C ; Table  3 ). Both FLs carrying class I variants also carried class II variants (Table 3) . No evidence of additional mutations or allelic loss was found in the single ALL case carrying a class I variant.
Normal tissue was available from 5 cases with class I variants (DLBCL-22, -26, -70, and -274, and FL-18; Table 3 ). The 6450AϾG splicing variant found in DLBCL-26 was also found in nontumorous tissue from this patient. Considering that the paired ATM allele was found to be deleted in the tumor, it is likely that 6450AϾG in the germ-line of this patient was a predisposing factor for DLBCL development. Sequence analysis of the remaining 4 samples showed no evidence of mutations, suggesting that the mutations detected in the lymphoma specimens had arisen somatically. A total of 7 ATM sequence variants identified among the 120 lymphoid neoplasms have also been found among random individuals and, accordingly, were assigned to class II. These variations included 6 missense variants and the 735CϾT variant. The latter sequence change does not alter the coding sequence of ATM (V245V) but has been associated with aberrant splicing in A-T families. 40 In agreement with this observation, RT-PCR analysis of RNA from 6 tumors without 735CϾT showed only a single band corresponding to the wild-type sequence, whereas 6 735CϾT-positive tumors all showed an additional shorter band. Sequence analysis of this band confirmed skipping of exon 9 (data not shown). One or 2 class II variants were identified in 10 DLBCLs (22%), 9 FLs (38%), 3 ALLs (11%), and 4 PTLs (17%) ( Table 3 ).
Analysis of samples from 100 random individuals from the same population revealed class II variants in 13 cases (13%). The higher frequency of class II variants in FL (P Ͻ .001) and a trend toward a higher frequency in DLBCLs (P ϭ .065) compared with samples from random individuals suggest that mutations from this group may also contribute to B-cell lymphomagenesis. For most of the class II variants, the frequencies were too low for statistical analysis. One exception was the 735CϾT variant, which was found to be 5.6 times more frequent in DLBCLs than in samples from random individuals (5 of 45 vs 2 of 100; P ϭ .026). The S707P variant was found to be 4.2 times more frequent in FLs than in samples from random individuals, but this association did not reach statistical significance (3 of 24 vs 3 of 100; P ϭ .073).
Of the 23 tumors carrying ATM class II variants, 17 were informative at one or more polymorphic markers, but only one (DLBCL-152) showed evidence of allelic loss.
Analysis of hypermethylation of the ATM promoter
The ATM promoter contains an approximately 800-base pair (bp) region that has a GC content of 62% and a CpG:GpC ratio of 90% and therefore meets the criteria for a CpG island. 41 To examine the methylation status of this CpG island, Sss I-methylated DNA and DNA from 45 DLBCLs and normal peripheral blood lymphocytes were treated with sodium bisulfite and amplified with primer pairs specific for methylated and unmethylated ATM alleles. None of the tumors contained methylated ATM alleles (data not shown). These observations, together with previous studies in T-PLL, 42 suggest that inactivation of the ATM gene by de novo methylation is a rare event in lymphoid neoplasia.
ATM mutation in relation to the ARF-TP53 pathway
Among the B-cell lymphomas included in this study, TP53 mutations were identified in 10 (22%) of the 45 DLBCLs and in 2 (8%) of the 24 FLs. Surprisingly, more than half (5 of 9) of the DLBCLs with ATM class I variants harbored concomitant mutation of TP53 (Table 3) , suggesting a nonrandom coexistence of these genetic alterations (P ϭ .015). Despite the low frequencies of ATM and TP53 mutations in FLs, we also identified 1 case with both alterations (Table 3) . Among the 9 DLBCLs with ATM class II variants, 2 harbored TP53 mutations (P ϭ .34), suggesting a random distribution. None of the 7 FLs with class II variants showed concomitant mutation of TP53 (Table 3) . Three DLBCLs and 1 FL carried TP53 mutations in the absence of detectable ATM sequence variants.
To further study the possible association between ATM mutation and inactivation of the ARF-TP53 pathway, exons 1␤ and 2 of the INK4a/ARF locus were examined for deletions in the DLBCL and FL series. Both exons were deleted in 6 DLCBLs (13%) and one of the FLs (4%). Three of the DLBCLs with INK4a/ARF deletions had ATM class I variants (P ϭ .074), and one of these also had a TP53 mutation (Table 3) . Overall, TP53 mutations and/or deletions of the INK4a/ARF locus were found in 7 (78%) of 9 DLBCLs with ATM class I variants and in 8 (22%) of 36 DLBCLs with no detectable ATM class I variants (P ϭ .003).
Clinical features
The 9 DLBCL patients with ATM class I variants in their tumors were 5 men and 4 women, aged 39 to 76 years (median 62 years) at diagnosis. The patient who carried the 6450AϾG splice mutation in the germ-line was aged 42 years at diagnosis. Eight of the ATM-mutant biopsies were sampled at diagnosis. Seven of these patients presented with advanced disease (clinical stage IV) at diagnosis, and the median survival time was 10 months (0-77 months). The 3 patients with the shortest survival times also harbored deletions of the INK4a/ARF locus, which is a strong negative prognostic factor in DLBCL. 29 One sample taken at relapse showed concomitant mutation of ATM, mutation of TP53, and deletion of ARF, and this patient survived only 1 month after biopsy. Although the size of the sample is small, these data suggest that the low median survival time in patients with ATM-mutated DLBCLs is at least in part due to the relatively high frequency of concurrent ARF deletions in this group, and that ATM mutation in itself may not be associated with a particularly poor outcome.
Discussion
We examined the entire coding sequence and all consensus splice sequences of the ATM gene for mutations in 120 lymphoid neoplasms representing 4 histological subtypes (DLBCL, FL, ALL, and PTL). A total of 20 sequence variants were identified. For simplicity, we assigned these variants to 2 classes to distinguish between mutations with a putative pathogenic effect (class I) and sequence variants that have been identified in the germ-line of random individuals and thus may represent silent variants (class II). Class I variants included tumor-specific mutations first identified in this study, mutations previously implicated in sporadic cancers, typical loss-of-function mutations, and mutations found in the germ-line of A-T patients. The highest frequency of class I variants was found in DLBCLs (20%), with markedly lower frequencies in FLs (8%) and ALLs (4%). In DLBCLs, the majority of these mutations were associated with a second mutation or deletion of the normal allele, consistent with biallelic inactivation of ATM. Novel missense mutations outside the PI-3K domain, but affecting evolutionary conserved residues within or close to putative functional domains of ATM, were found in both DLBCLs and FLs. Thus, the overall spectrum of ATM mutations in these tumors resembles the spectra observed in T-PLLs 6-9 and B-CLLs, [12] [13] [14] [15] whereas the ATM variants reported in MCLs are mainly truncating mutations and missense mutations affecting the PI-3K domain. 10, 11 Together with previous demonstrations of common loss of heterozygosity at 11q23 in MCLs, 10 DLBCLs, 20, 21 and FLs, 20 and a high frequency of ATM mutations in MCLs, 10, 11 our data suggest that ATM may be involved in a considerable proportion of B-cell lymphomas. On the other hand, the absence of ATM mutations in the current PTL series suggests that the involvement of ATM in T-cell neoplasia may be confined to T-PLL, a malignancy similar to the T-cell leukemias observed in A-T patients. Considering that the estimated carrier frequency for A-T in the Danish population is 1 in 183, 5 the presence of an A-T-associated variant (S570P) in one case of ALL may be considered coincidental.
Accumulating evidence suggests that the spectrum of ATM mutations in some sporadic cancers may be composed predominantly of missense mutations and thus differs from that observed in A-T, where more than 80% of the mutations are of the truncating type. This has led Meyn 43 and Gatti et al 44 to propose the existence of 2 distinct populations of ATM heterozygotes: carriers of truncating ATM mutations associated with A-T and carriers of missense ATM mutations, who may be more prone to carcinogenesis. Of the 20 sequence variants identified in B-cell tumors in the present study, 7 were also found as germ-line variants among 100 random individuals from the same population (class II variants). Interestingly, however, the frequency of these variants as a group was severalfold higher in DLBCLs and FLs than in samples from random individuals, suggesting that one or more of these variants may contribute to the etiology and/or progression of B-cell lymphoma. Because of the relatively small sample sizes and the low frequencies of individual ATM sequence variants, the possible clinical implications of class II variants remain to be determined. Nevertheless, one compelling observation was a 5.6-fold excess of one of these variants, 735CϾT, in DLBCLs compared with samples from random individuals. Because this nucleotide substitution does not alter the coding sequence of ATM (V245V), it has generally been regarded as a neutral variant. However, Laake et al 40 showed that this alteration coincides with skipping of exon 9, an observation confirmed in the present study. Further support for a pathogenic effect of 735CϾT was provided by the demonstration of this alteration as a possible disease-causing allele in 2 Finnish A-T families. 40 Another variant, S707P, was found to be 4 times more frequent in FL cases than in the control population. This variant was recently found to be 5 times more frequent in breast cancer patients with bilateral disease than in random individuals. 45 Large-scale studies are needed to establish whether ATM class II variants alone or together with as yet unknown factors may confer an increased risk of developing B-cell lymphoma.
A remarkable finding in the present study was the occurrence of TP53 mutations and/or deletions of the INK4a/ARF locus in 7 of 9 DLBCLs with ATM class I variants. This nonrandom coexistence of ATM mutations and genetic events in the ARF-TP53 pathway may seem paradoxical in view of the fact that p53 is a downstream effector of ATM, and that loss of ATM function compromises activation of p53 in response to ionizing radiation. Indeed, the idea that loss of ATM and loss of p53 may in some aspects be functionally equivalent in human cancer cells was supported by recent studies by Pettitt et al 46 and Stankovic et al, 15 who showed that a defective p53 signal transduction pathway in B-CLL cases with wild-type TP53 may be attributable to mutation of the ATM gene. However, while CLL cells with mutant p53 were profoundly radioresistant, CLL cells with ATM mutations were only partially resistant to irradiation-induced apoptosis. 46 This is consistent with observations that p53 is still induced, albeit with delayed kinetics, in ␥-irradiated A-T cells and mouse Atm-null thymocytes, 47 probably owing to the activity of ATM-related proteins such as ATR (ATM-and Rad3-related). 48 Also considering that loss of ATM compromises a wide range of cellular functions that are less likely to depend on p53 activity, 48 it is conceivable that the ATM and p53 effector pathways are overlapping, but not congruent, in suppressing tumorigenesis, and that the combined status of these pathways may be an important determinant of the malignant phenotype.
The consequences of loss of p53 or ARF in cells lacking ATM have been studied extensively in cell culture and animal models. Like fibroblasts from A-T patients, embryonic fibroblasts from Atm-null mice proliferate slowly in culture and soon reach a growth-arrested state resembling senescence, [49] [50] [51] [52] probably because of their increased genomic instability. These cells express elevated levels of several proteins capable of inhibiting cell-cycle progression, including p53, Arf, p21 Cip1 , and p16 INK4a . By contrast, fibroblasts from Atm/Trp53 51 or Atm/Arf 52 double-mutant mice proliferate rapidly in culture and do not arrest prematurely. Thus, loss of p53 or Arf may effectively reverse the growth arrest associated with the Atm-null state.
Although the association between ATM mutations and inactivation of the ARF-TP53 pathway in DLBCL was found to be statistically highly significant, most of the ATM missense variants in these tumors resided outside the PI-3K domain, and their functional significance remains uncertain. It is tempting to speculate that these mutations may leave the kinase activity of ATM unaffected and select for functions other than p53 inactivation. However, previous studies of missense mutations outside the PI-3K domain of ATM showed depletion of functional ATM protein, 53 and functional studies in B-CLLs with missense mutations in the N-terminal part of ATM showed defective induction of downstream components in the p53 pathway following ionizing radiation. 15, 46 Furthermore, a TP53 mutation was also identified in a DLBCL specimen carrying a truncating ATM mutation, suggesting that inactivation of the p53 checkpoint may provide an additional or even necessary tumorigenic effect in some ATM-null cells. Thus, it is possible that the effects of ATM mutations and inactivation of the ARF-TP53 pathway may act as synergistic layers in DLBCL. This situation is different from B-CLL, where ATM and TP53 mutations occur in a mutually exclusive pattern 15, 46 ; T-PLL, where TP53 mutations have not been demonstrated 6 ; and MCL, where ATM mutations seem to occur independently of TP53 mutations and inactivation of ARF. 11 The biologic basis of these diverse patterns of ATM and TP53/ARF inactivation in hematologic malignancies is currently unknown and is a topic for future studies.
